Abstract: Intraspecific interactions may limit population growth of small cladoceran taxa under food-rich, hypertrophic conditions. Multiple-regression models significantly explained a large proportion of the variation in the body size adjusted fecundity and population growth rate of crustacean zooplankton taxa in a shallow, hypertrophic lake. The results of partial correlation analyses suggested exploitative competition to have only limited significance in determining the zooplankton dynamics. The analyses also revealed strong negative relationships between biomass and both body size adjusted fecundity and population growth rate within most taxa. Most of these relationships cannot be explained by food shortage or predation and suggest alternative mechanisms such as chemically mediated, intraspecific interference competition or life history shifts.
Introduction
Along a gradient of increasing nutrient levels, both total fish biomass and the proportion of planktivores in fish communities tend to increase (Persson et al. 1988; Jeppesen et al. 2000) . Concurrently, submersed vegetation, an important refuge for zooplankton against fish predation (Moss et al. 1998) , tends to decrease (Hough et al. 1989) . As fish planktivory is highly size selective, this may explain why small taxa tend to dominate the zooplankton communities of eutrophic and hypertrophic water bodies (Hessen et al. 1995; Jeppesen et al. 2000) . Given its predominance, the importance of small zooplankton in key processes of eutrophic systems (such as grazing, nutrient cycling, or energy transfer) can therefore be expected to be more important than that of large zooplankton. An important question is what factors limit the population growth of such small zooplankton in nutrient-rich lakes. Fish predation plays a major role in eliminating large zooplankton taxa, but its importance in the topdown regulation of small taxa is much less obvious. On the contrary, fish predation may stimulate population growth of small zooplankton taxa by reducing invertebrate predation or by decreasing the intensity of competitive interactions with large zooplankton (Sluzarczyk 1997; Moss et al. 1998) . Food availability should be high, although only very few studies have evaluated food limitation as a population growth limiting mechanism in eutrophic systems (Boersma and Vijverberg 1994; Boersma 1995) . Most studies on exploitative competition between cladocerans were carried out under laboratory conditions and focused on interactions between large and small taxa (Gliwicz 1990; Achenbach and Lampert 1997) . In field studies, competitive interactions be-tween zooplankton taxa have mostly been inferred from negative correlations between the density and fecundity of populations, without taking into account the dynamics of food availability (Matveev 1983; Bengtsson 1993; Boersma 1995) . Such correlations may be misleading, as a growing body of experimental evidence suggests that cladoceran populations may show inter-or intra-specific interference, irrespective of the availability of food (Matveev 1991; Kirk 1998; Burns 2000) .
In this study, we analyze the dynamics of the population growth rate and fecundity of small crustacean zooplankton in a hypertrophic lake (Lake Blankaart) during a 4-year period. The general size structure of the zooplankton community and results of former in situ life history and fish exclosure studies (Declerck 2001 ) indicate a high impact of planktivorous fish predation in the lake. Given that the efficiency of fish predation decreases with decreasing body size of the prey, we aimed to test the hypotheses (1) that the dynamics of populations of small-bodied zooplankton taxa can be adequately explained by models that do not take into account top-down control by fish and (2) that the amount of variation explained by these models increases with decreasing adult body size. Furthermore (3), we wanted to assess the relative importance of the factors limiting population growth of small-bodied crustacean zooplankton taxa, disentangling the effects of exploitative competition, interference competition, and predation by omnivorous copepods.
Material and methods

Sampling
The zooplankton and phytoplankton communities of Lake Blankaart were sampled during a 4-year period (1994) (1995) (1996) (1997) . During the growing season (May-September), samples were taken at a fixed station in the pelagic zone of the lake, with time intervals of approximately 2 weeks. Zooplankton was sampled using a Schindler-Patalas plankton trap (12 L). Two zooplankton samples were taken at each of two depths: in the middle of the water column (0.4 m) and just above the lake sediments (1 m). These samples were pooled and fixed with a 5% sucrose formalin solution. Phytoplankton was sampled with a plastic recipient (1 L) at a depth of approximately 0.3 m and fixed with formalin.
Phytoplankton cells were counted with an inverted microscope at magnifications of 30 -400×. For each sample, a total of at least 200 cells were counted and identified up to genus or species level. For the most common taxa, a minimum of 50 cells were measured. The average cell volumes of phytoplankton taxa were estimated by applying formulae of simple geometric shapes. Average cell mass was calculated assuming a specific density of 1 g·mL -1 . As the edibility of algae for zooplankton may strongly depend on cell size, the biomass was separately calculated for three different phytoplankton size classes: (1) cells with a greatest axial linear dimension (GALD) smaller than 20 µm (PHYT-SMALL); (2) cells with a GALD between 20 and 40 µm (PHYTMED); and (3) cells with a GALD larger than 40 µm (PHYTLARGE).
For each abundant zooplankton species, body length of at least 50 haphazardly selected individuals was measured per sampling date. The biomass of zooplankton populations was derived from density estimates, the data on size distribution, and published length versus dry weight regression relationships (Bottrell et al. 1976 ). In addition, for each sample, fecund Daphnia and Bosmina individuals were counted and the body length and fecundity (egg number) of at least 30 individuals were assessed. Daphnia galeata, D. cucullata, and the hybrid D. galeata × cucullata were discerned by the morphological criteria of Flössner and Kraus (1986) . Previous experience with animals of the same lake has shown that the morphological criteria described by Flössner and Kraus (1986) allow a correct assignment of the taxa when crosschecked with molecular markers (S. Declerck, unpublished data).
Statistical analysis
For each time interval, the instantaneous population growth rate r was calculated for each crustacean zooplankton taxon as
where N 0 and N t are the population densities (number of individuals·L -1 ) at the start and end of the time interval, respectively, where t is the duration of the time interval.
Multiple-regression and partial correlation analyses were applied to investigate the relationships between population dynamic parameters of crustacean zooplankton taxa (e.g., population growth rate and fecundity) and their biomass, measures of food availability, and the biomass of potentially competing zooplankton taxa and of predatory copepods. To reduce the number of insignificant variables and to optimise the regression models, the independent variables were subjected to a forward-selection procedure (STATISTICA v5 (StatSoft Inc., Tulsa, Okla.); F to Enter: 1.00; F to remove: 0). To prevent among year trends from interfering with the analyses, all variables were detrended by adding to each value the difference between the mean of the entire 4-year period and the mean of the respective year. Furthermore, analysis of variance (ANOVA) was applied to test for recurrent seasonal patterns. For each variable, the detrended data were grouped according to four periods in the growing season: spring (May), early summer (June), middle summer (July), and late summer (August and September). We assumed that major seasonal trends in the data set should be reflected by differences between these periods. Indeed, seasonal patterns were found for several variables, because spring tended to deviate from the other months. To avoid common seasonal trends that may lead to spurious correlations, analyses were done both including and excluding the May data. In the presentation of our results, we exclude the May data, although inclusion of these data did not affect the major results of the analyses. Regressions were individually checked for outliers.
For the analysis of r, the variables that were subjected to the selection procedure were temperature change during the time intervals (∆T) and the logarithmically transformed biomass of predominant zooplankton taxa (D. galeata (DGAL),
longirostris (BLON), and cyclopoid copepods (CYCL)) and of phytoplankton size classes (PHYTSMALL, PHYTMED, and PHYTLARGE) at the start of the respective time intervals.
Fecundity is considered a useful indicator of the general condition of field populations of cladocerans (Lampert 1978) . However, as the fecundity of a cladoceran is constrained by body size, its assessment may be confounded by variations in body size. To account for this, the average fecundity and the average body size of egg-bearing adults were calculated for each cladoceran taxon at each sampling date. For each taxon, average fecundities were then linearly regressed on average body sizes and the resulting residuals were used as a relative measure of animal condition. In the following text these residuals will be referred to as "adjusted fecundity". Linear regression was used because there was no evidence of strong nonlinearities from an inspection of scatterplots of fecundity on body size. Because of the time needed to produce eggs and the energy storage capacity of cladocerans, fecundity responds to changes in food availability with a time lag. Estimates of such time lags range between 4 and 12 days (Seitz 1980; Matveev 1985; Boersma 1995) . For the regression analyses of adjusted fecundities, we estimated the biomass of zooplankton taxa (DGAL, HYBR, DPAR, BLON, CYCL) and of phytoplankton size classes (PHYTSMALL, PHYTMED, and PHYTLARGE) at 8 days before each sampling date by exponential interpolation.
To explore for potential top-down control of phytoplankton by each of the investigated zooplankton taxa, partial correlation coefficients were calculated between the total noncyanobacterial phytoplankton biomass (NONCYAN) and the biomass of DGAL, HYBR, DPAR, BLON, and CYCL. To investigate differential vulnerability of size classes of phytoplankton to zooplankton grazing, partial correlations with the biomass of zooplankton taxa were also calculated for PHYTSMALL, PHYTMED, and PHYTLARGE separately. All of these analyses were performed on logarithmically transformed data.
As several multiple-regression analyses were performed per type of dependent variable (e.g., adjusted fecundity and population growth rate of different zooplankton populations; biomass of different phytoplankton fractions), sequential Bonferroni (Rice 1989 ) was applied on the P levels of the regression models to check for the effect of multiple testing.
Results
Zooplankton community
Annual averages of the total crustacean zooplankton biomass during the growing season (May-September) ranged between~1.6 and 2.6 mg·L -1 (Fig. 1) . Bosmina longirostris and cyclopoid copepods (Acanthocyclops robustus, Cyclops vicinus) predominated the zooplankton community of Lake Blankaart during the spring and summer period. The average abundance of Bosmina and cyclopoids in the total crustacean zooplankton biomass during the growing season amounted to 41% and 51%, respectively. Although daphnids often dominated during the winter, their relative biomass was much lower during the spring and summer period (average proportion of Daphnia: 8%). Total Daphnia densities in Lake Blankaart, averaged over the growing season, ranged between 18 and 157 individuals·L -1 , depending on the year.
The Daphnia community mainly consisted of three differently sized taxa ( Fig. 2) : the relatively large D. galeata, the medium-sized hybrid D. galeata × cucullata, and the relatively small D. parvula (average adult body sizes of 1.19, 1.04, and 0.92 mm, respectively). Large Daphnia species, such as D. magna and D. pulex, were occasionally found, but their populations were undetectable during most of the study period.
Population growth rate
Multiple-regression models for all taxa significantly explained population growth rates r ( Table 1 ). The amount of variation explained by the models ranged between 23% and 70% and tended to be considerably lower in the large bodied D. galeata than in the other smaller cladoceran taxa (Fig. 3) . For all crustacean zooplankton taxa, significantly negative partial correlations were found between the r values calculated for time intervals and their population biomass at the start of these time intervals (Table 1 ; Fig. 4 ). Positive associations were found between the r value of B. longirostris and temperature change and between the r values of D. galeata × cucullata, D. parvula, and cyclopoid copepods and the population biomass of D. galeata.
Fecundity
Multiple-regression models for all taxa significantly explained the variation in the body size adjusted fecundity (Table 2). The amount of variation explained by the models ranged between 46% and 74%. Adjusted fecundity of cladoceran taxa at sampling days was positively related to interpolated biomass estimates of phytoplankton size classes 8 days before these sampling days (Table 2) . Positive partial correlations were found between the adjusted fecundity of D. galeata and the small size fraction of the phytoplankton community (PHYTSMALL) and between the adjusted fecundity of B. longirostris and D. galeata × cucullata and the large phytoplankton (PHYTLARGE). Furthermore, for each Daphnia taxon, significantly negative partial correlations were found between adjusted fecundity on sampling days and interpolated estimates of the population biomass 8 days before these sampling days (Table 2; Fig. 5 ). The adjusted fecundities of B. longirostris and D. parvula were also negatively related to the population biomass of D. galeata.
Zooplankton versus phytoplankton
No significant associations were found between the total biomass of noncyanobacterial phytoplankton (NONCYAN) and the population biomass of any zooplankton taxon (Table 3). Additional partial correlation analyses indicated that there was a tendency for a negative relationship between D. galeata biomass and the large size fraction of algae (PHYT-LARGE) (Table 3) . Positive partial correlations were found between the biomass of D. parvula and small algae (PHYT-SMALL) and between cyclopoid copepods and mediumsized algae (PHYTMED).
Discussion
The results of in situ life history and fish exclosure studies have indicated a high impact of planktivorous fish predation on the general size structure of the zooplankton community in Lake Blankaart (Declerck et al. 1997; Declerck 2001) . Multiple-regression models that did not take into account 3 . Relation between the amount of variation in the exponential population growth rate r that is explained by the multipleregression models for the investigated zooplankton taxa (adjusted R 2 ) and the adult body size of these taxa averaged over the study period. BOSM, Bosmina longirostris; DGAL, Daphnia galeata; HYBR, D. galeata × cucullata; DPAR, D. parvula. Asterisks near symbols indicate the significance levels of the respective regression models: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
any measure of fish predation intensity could, nevertheless, explain a striking amount of variation in population growth and body size adjusted fecundity of all small-to mediumsized crustacean zooplankton taxa. The amount of explained variation in population growth was considerably lower in D. galeata than in the other, smaller cladoceran taxa, consistent with a diminishing impact of fish predation on smaller taxa.
Interactions between zooplankton taxa
The pattern of partial correlations that was found for the adjusted fecundity (Fig. 6) suggests that exploitative competition may to some extent have regulated the dynamics of zooplankton taxa in Lake Blankaart during the study period. There was a negative relationship between the biomass of D. galeata and the biomass of the largest size fraction of the algae (PHYTLARGE), suggesting that D. galeata may have been able to suppress part of the food sources. parvula; CYCL, biomass of cyclopoid copepods; ∆TEMP, temperature change; PHYTSMALL, biomass of phytoplankton with a greatest axial linear dimension (GALD) smaller than 20 µm; PHYTMED, biomass of phytoplankton with a GALD between 20 and 40 µm; PHYTLARGE, biomass of the phytoplankton with a GALD larger than 40 µm; n, number of observations; blank cells refer to independent variables that were not retained by a forward-selection procedure before the analysis. See the text for more details on the processing of data. *, P < 0.05; **, P < 0.01; ***, P < 0.001. parvula; CYCL, biomass of cyclopoid copepods; TEMP, temperature; PHYTSMALL, biomass of phytoplankton with a greatest axial linear dimension (GALD) smaller than 20 µm; PHYTMED, biomass of phytoplankton with a GALD between 20 and 40 µm; PHYTLARGE, biomass of the phytoplankton with a GALD larger than 40 µm; n, number of observations; blank cells refer to variables that were not retained by a forward-selection procedure before the analysis. See the text for more details on the processing of data. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Table 2 . Results of partial correlation and multiple-regression analyses on the residuals of fecundity on adult body length (E) for the cladoceran taxa in Lake Blankaart.
ever, the results of the partial correlation analyses also indicate that the fecundity dynamics of the zooplankton taxa of Lake Blankaart cannot entirely be understood in terms of interspecific exploitative competition. In each Daphnia taxon, adjusted fecundity was negatively correlated with the population biomass of 8 days before, irrespective of phytoplankton biomass. Such negative partial correlations were also observed between the biomass of D. galeata and the adjusted fecundity of Bosmina and D. parvula (Fig. 6) .
The population growth rate of D. galeata × cucullata, D. parvula, and cyclopoid copepods were found to show positive partial correlations with the biomass of D. galeata, indicating that the population size of these taxa increased when D. galeata biomass was high. Possibly, a high biomass of the relatively large D. galeata coincides with periods of relatively low fish predation intensity, which may also lead to increased population growth in smaller Daphnia taxa. The remaining pattern of significant partial correlations is very analogous to the pattern observed for the adjusted fecundities: in each zooplankton taxon, a substantial amount of the variation in population growth rate during time intervals was explained by the population biomass at the start of these time intervals, irrespective of phytoplankton biomass. In all taxa, these relationships between population growth rate and population biomass were strongly negative.
Several studies have shown that high population densities of Daphnids can decrease the performance of congeners or conspecifics under laboratory conditions. For several Daphnia species, negative relationships with the population density of the same species or of other Daphnia species have been recorded for traits such as feeding rate (Helgen 1987; Matveev 1993) , growth rate (Burns 1995 (Burns , 2000 , fecundity (Matveev 1993; Goser and Ratte 1994; Burns 2000) , and mortality (Matveev 1993) . In these studies, experimental an- imals were grown under food-satiating conditions, excluding the possibility of food shortage. Matveev (1993) showed that heating of the medium removed the effects, suggesting that a chemical compound mediated the observed interference (allelopathy). Matveev (1993) showed two-to three-fold reductions in the filtering rates and fecundities of Daphnia within a range of 1 to 30 Daphnia individuals·L -1 . During the period of our study, the population densities of Daphnia taxa in Lake Blankaart ranged between 2 and 322 individuals·L -1 . Chemical interference may therefore have been an important factor affecting the performance of the zooplankton populations.
Intraspecific density dependence
Our results indicate that intraspecific interactions may be important in limiting population growth of small crustacean taxa under food-rich, hypertrophic conditions. For all crustacean taxa, we found a remarkably high degree of intraspecific density dependence that could not be explained by the biomass of phytoplankton size fractions. Despite the rel- parvula; CYCL, biomass of cyclopoid copepods; TEMP, temperature; n, number of observations; blank cells refer to variables that were not retained by a forward-selection procedure before the analysis. See the text for more details on the processing of data. *, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, nonsignificant regression model. Table 3 . Partial correlations (r p ) between the biomass of different size classes of phytoplankton and the biomass of specific zooplankton taxa, controlling for the biomass of other zooplankton taxa or temperature.
atively low share of the Daphnia populations in the total zooplankton biomass, such intraspecific density dependence was shown in all Daphnia taxa for two key population dynamic traits (e.g., body size adjusted fecundity and population growth). Bosmina also had a strong negative impact on its population growth, and although this taxon reached very high population biomasses, it was not found to affect any of the three Daphnia taxa. Several mechanisms could be responsible for the high intraspecificity of the density dependence.
The inappropriate assessment of food availability
It could be argued that the importance of intraspecific exploitative competition was underestimated in our study to the extent that the investigated taxa rely on specific diets of which depletion by selective grazing could not be detected by our assessment of food availability. In such a case, population biomass could have been a better correlate of food availability than our measures of phytoplankton biomass. This may certainly have been the case for the cyclopoid copepods. Acanthocyclops robustus, the dominating cyclopoid copepod in Lake Blankaart, is a selective feeder that may feed on phytoplankton, rotifers, ciliates, heterotrophic nanoflagellates, and small crustaceans (Gliwicz and Umana 1994) . As some of these potential food sources were not quantified in our study, the importance of exploitative competition for cyclopoids could not be assessed. Several studies have also indicated that Bosmina may feed selectively, because of a dual-option feeding mode (DeMott 1982; Bleiwas and Stokes 1985) , and are able to discriminate between food particles by taste (DeMott 1986). However, it is improbable that the intraspecific effects of biomass on adjusted fecundity and population growth in the Daphnia populations were due to exploitative competition, as food selectivity in Daphnia is low (DeMott 1982; Bleiwas and Stokes 1985; Kerfoot et al. 1985) and the overlap between the food niches of Daphnia species is high (Kerfoot et al. 1985; Lampert 1987) , whereas in this study, negative intraspecific interactions were more pronounced and numerous than negative interspecific interactions.
Cannibalism
A negative relationship between the biomass of a population and the growth of this population may be the result of strong cannibalism. With the exception of cyclopoid copepods, however, no cannibalistic taxa were involved in our study.
Switching prey selectivity by predators
If the selectivity of a predator for a prey type depends on its relative frequency, the per capita probability for a prey of being eaten may increase with increasing density of its population (Gatto 1991) . Two types of predators, i.e., cyclopoid copepods and fishes, potentially prey upon the cladoceran populations in Lake Blankaart. If density-dependent prey selection of cyclopoid copepods was the regulating factor of the dynamics of prey taxa, negative relationships between cyclopoid and overall prey abundance should have been observed as well. In the case of fish predation, the demographic impact of density-dependent prey selection by fishes should have been most pronounced in the largest taxa, given the size-selective feeding mode of fish. However, the density dependence of population growth tended to be stronger in the smaller zooplankton taxa (B. longirostris, D. parvula, D. galeata × cucullata) than in D. galeata, the largest taxon. Another argument against density dependence mediated by predation is that such predation cannot account for the observed density dependence in fecundity. Although copepods may forage on eggs in the brood pouch and decrease the number of eggs at a given body size, they can only do so in large cladocerans and not in small Daphnia species (Gliwicz and Lampert 1994) . Although size-selective fish predation may lead to a decrease in fecundity for a given body size, this should be more pronounced in the larger taxa, given the size selectivity of fish predation.
Intraspecific chemical interference
Intraspecific chemical interference can be very strong. In medium preconditioned by D. carinata, Matveev (1993) showed a reduction in the filtering rate of D. carinata that was four times stronger than the reduction observed in another Daphnia species. Reduced food uptake rates may lead to reductions in fecundity and population growth rate.
Life-strategy shifts by intraspecific interaction (LiSSII)
Zooplankton can undergo chemically mediated shifts in life strategy when grown at high densities of conspecifics (LiSSII; Cleuvers et al. 1997) . In anticipation of periods with low food availability, such shifts consist of changes in the pattern of energy allocation, with reductions in offspring quantity (e.g., fecundity) but increases in their quality (e.g., higher dry weight, body lipid content, and resistance to starvation). LiSSII responses may also affect the dynamics of populations as reduced fecundities imply reduced population growth rates. 6 . Pattern of partial correlations between the fecundity of zooplankton taxa, the biomass of phytoplankton size classes, and the biomass of zooplankton taxa observed in Lake Blankaart during the study period (1994) (1995) (1996) (1997) . Solid-line arrows indicate the effect of zooplankton grazing on food quantity (only negative relationships presented); broken-line arrows indicate the effect of food quantity on zooplankton fecundity; dotted arrows indicate the effect of zooplankton biomass on zooplankton fecundity, irrespective of food quantity; +, positive interaction; -, negative interaction; PHYTSMALL, size fraction of algae with a greatest axial linear dimension (GALD) less than 20 µm; PHYTLARGE, size fraction of algae with a greatest axial linear dimension larger than 40 µm; D. gal × cuc, Daphnia galeata × cucullata.
